Active fungal proteinases are powerful allergens that induce experimental allergic lung disease strongly resembling atopic asthma, but the precise relationship between proteinases and asthma remains unknown. Here, we analyzed dust collected from the homes of asthmatic children for the presence and sources of active proteinases to further explore the relationship between active proteinases, atopy, and asthma. Active proteinases were present in all houses and many were derived from fungi, especially Aspergillus niger. Proteinase-active dust extracts were alone insufficient to initiate asthma-like disease in mice, but conidia of A. niger readily established a contained airway mucosal infection, allergic lung disease, and atopy to an innocuous bystander antigen. Proteinase produced by A. niger enhanced fungal clearance from lung and was required for robust allergic disease. Interleukin 13 (IL-13) and IL-5 were required for optimal clearance of lung fungal infection and eosinophils showed potent anti-fungal activity in vitro . Thus, asthma and atopy may both represent a protective response against contained airway infection due to ubiquitous proteinase-producing fungi.
INTRODUCTION
Atopic asthma has increased in prevalence and severity worldwide over the past 30 years, transforming this respiratory disorder into an epidemic ailment affecting much of the industrialized world. 1, 2 Genetic factors clearly contribute to asthma susceptibility, but the slow rate of genetic change within large populations is unlikely to explain the recent increase in disease prevalence and severity. A more plausible explanation of the change in asthma epidemiology would invoke one or more environmental factors, alterations of which may lead to disease in genetically susceptible individuals.
Type 2T-helper (Th2) cell-mediated allergic inflammation is both a common finding in patients with diverse clinical asthma phenotypes and a critical determinant of experimental allergic lung disease. 3 -7 Major clinical signs and symptoms of asthma and asthma-related mortality are related to airway obstruction, 8 which consists of at least three components: airway hyperresponsiveness (AHR), an exaggerated constrictive response to cholinergic agonists; physical obstruction of the airways by metaplastic airway epithelial goblet cells that secrete glycoproteins; and airway inflammation characterized by the presence of eosinophils. Experimental models have previously showed that allergic airway inflammation and airway obstruction are coordinated by Th2-related cytokines, especially interleukin 4 (IL-4), IL-5, IL-13, and IL-25. 9 -13 The lungs are remarkably tolerant of inhaled antigens. In experimental systems, antigens such as ovalbumin that are devoid of known adjuvant substances typically elicit T-regulatory responses that suppress active inflammation. 14, 15 Thus, a paradox of allergic asthma is that despite the tolerogenic predisposition of the lung, asthma patients show lung and systemic inflammation and immune reactivity to a broad range of environmental antigens, termed atopy. 16 -18 This suggests the existence in human environments of adjuvant substances capable of bypassing lung tolerogenic mechanisms and establishing allergic inflammation in response to diverse inhaled agents.
Link between allergic asthma and airway mucosal infection suggested by proteinase-secreting household fungi
As established through studies of mice, active proteinases are powerful initiators of allergic lung disease and are thus candidate adjuvant factors potentially underlying diseases such as asthma. 14, 19 Experimentally, allergenic proteinases derive from diverse sources, but fungal proteinases are particularly potent inducers of the full spectrum of allergic lung disease. 14, 20, 21 Moreover, proteinase-producing fungi are ubiquitous in human environments and have previously been strongly linked to human and experimental allergic lung disease. 22 -25 However, although the link between environmental fungi and asthma is thought to be based on hypersensitivity to fungal products, 26, 27 this important relationship has not been fully characterized.
In this study, we examined dust collected from the homes of asthmatic children in the Houston, Texas area to determine the presence and source(s) of active, potentially allergenic proteinases. We show the widespread existence of household dust proteinase activity and that common fungi are frequent sources of active household proteinases. More importantly, proteinaseproducing fungi readily infected the mouse airway, producing both proteinase-dependent allergic lung disease and overcoming lung tolerogenic mechanisms to induce allergic responses to normally innocuous inhaled antigens. Although often believed to contribute to airway obstruction in asthma, eosinophils were found to be protective against fungus-induced allergic lung disease, suggesting that asthma may represent a protective response to contain at the mucosal surface airway infection by proteinaseproducing fungi.
RESULTS

Fungal, but not mite, proteinases are active in dust from asthmatic households
Proteinases derived from a variety of allergenic organisms (dust mites, fungi, pollens) are highly allergenic, but require intact proteinase activity. 14 To determine if enzymatically active, potentially allergenic proteinases can be detected from homes, we analyzed 84 dust samples collected from 31 asthmatic households. These analyses revealed that significant quantities of total proteinase activity were present in 95 % of dust samples ( Table 1 ) . Gelatin gel zymography further revealed proteinase bands of very high molecular size (60 -220 kDa), exceeding the predicted size of most organismal proteinases ( Figure 1 ).
Immunological analysis of dust samples revealed large quantities of the dust mite proteinase Der p 1 in 40 % of dust samples ( Table 1 ) . Unexpectedly, however, careful review of all dust sample zymograms failed to reveal a 25 kDa proteinase band corresponding to the native molecular size of Der p 1 and similar in size to many other mite proteinases. In contrast, commercially available, enzymatically active Der p 1 was detected at its expected molecular size even when added to house dust samples ( Supplementary Figure 1 online) . Incubation of house dust samples under reducing conditions further failed to retrieve significant Der p 1 proteinase activity ( Supplementary Figure 2 online). These findings indicate that Der p 1 that is immunologically detectable in dust samples does not have significant proteinase activity and is unlikely to account for the proteinase activity present in house dust samples.
To further investigate the potential sources of house dust proteinases, dust samples were analyzed by zymography to confirm the presence of discrete proteinases and to determine their molecular size. For selected extracts, the extracts were paired in zymograms with culture medium in which the dominant fungus from the same sample was grown. Representative examples of this analysis are shown in Figure 1 . Based on matching molecular size of ~ 86 kDa, apparent identity between a dust proteinase and the secreted fungal proteinase was established in two of three examples shown ( Figure 1 ). The fungal proteinase was produced by Aspergillus niger in samples 1 and 3 and an apparently identical ~ 86 kDa proteinase was present in half of all dust samples analyzed by this method (18 / 36; Table 1 ). Although this technique is not definitive, these findings are significant The left lane of each pair depicts proteinases, visible as lucent bands, present in aqueous extracts of each dust sample. Right lanes of each pair depict proteinases secreted into culture medium containing the dominant fungus isolated from the corresponding dust sample. Dust extracts 1 and 3 show the common 86 kDa proteinase band present in over 50 % of all samples; the fungus isolated from these samples was A. niger . Neither the dust nor the culture medium of the dominant fungus isolated from sample no. 2 shows proteinase activity.
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because our ongoing studies indicate that A. niger is ubiquitous (100 % ) in asthmatic households in the Houston area, suggesting that this fungus, and not dust mite species, is a major source of house dust proteinases.
A. niger conidia isolated from household dust induce robust allergic lung disease
The conidia of A. niger were devoid of proteinase activity (0 proteinase units (PU) mg -1 conidia where 1 PU = activity of 1 ng of A. oryzae aspergillopepsin (Sigma Chemical Co., St Louis, MO, p-4032)) whereas the hyphae of A. niger were substantially proteolytically active (3.82 ± 0.02 PU mg -1 hyphae). Thus, if household hyphal-derived proteinases contribute to allergic lung disease, they could do so directly by eliciting allergic inflammation following inhalation. This possibility was remote because the proteinase activity of house dust samples far exceeding a physiologically reasonable inhaled burden (1 g) represented < 0.1 % of the minimal proteinase activity required to induce allergic lung disease in mice ( ~ 7 PU vs. ~ 7000 PU). 14 Moreover, mice intranasally challenged over 2 weeks with an aqueous extract of house dust containing 
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significant proteinase activity showed exclusively a neutrophilpredominant inflammatory response devoid of allergic features and no airway hyperresponsiveness (data not shown). Alternatively, we reasoned that the conidia of allergenic fungi might produce active airway infection if inhaled and the allergenic proteinases produced continuously in situ might more efficiently induce allergic disease. To test this, we challenged mice with 400 × 10 3 viable or -radiation-sterilized A. niger conidia every 2 days for 16 days and assessed mice for the induction of allergic lung disease. At multiple acetylcholine (Ach) doses, viable A. niger conidia-challenged mice showed airway hyperresponsiveness as determined by enhanced Ach-induced increases in respiratory system resistance (R RS ; Figure 2a ).
Mice challenged with viable conidia also had markedly increased total secreted glycoproteins measured in bronchoalveolar lavage (BAL) fluid ( Figure 2b ), increased total BAL fluid cellularity, consisting largely of eosinophils ( Figure 2c ) , and a predominance of IL-4 secreting cells in whole lung as assessed by ELISpot technique ( Figure 2d ; IL-4 / IFN-ratio >100:1). Comprehensive analysis of bronchoalveolar lavage fluid cytokines confirmed the induction of predominant Th2-cell-derived cytokines (IL-4, IL-6, IL-13) in response to viable conidia challenge ( Figure 2e ). Pronounced peribronchovascular, eosinophil-predominant inflammation and goblet cell metaplasia were observed in hematoxylin and eosin-and PASstained sections of lung from mice challenged with live conidia ( Figure 3a and b ) . Although rare, apparent fungal hyphae were observed in lung sections and were isolated to airway lumina ( Figure 3c ), whereas conidia were common and seen predominantly in lung interstitium ( Figure 3d ). Histological examination of bronchoalveolar lavage fluid confirmed the presence of fungal hyphae ( Figure 3e and f ) .
In contrast to viable conidia, sterile, irradiated conidia failed to induce airway hyperresponsiveness ( Figure 2a ). Glycoprotein secretion and airway eosinophilia were largely preserved or enhanced in mice receiving irradiated conidia, whereas 
comparatively greater numbers of macrophages and neutrophils were observed in BAL fluid ( Figure 2b and c ). Many fewer IL-4-secreting cells were recruited to lungs of mice receiving irradiated conidia and lung IFN--secreting cells were significantly enhanced ( Figure 2d ; IL-4 / IFN-ratio 1.6:1). Irradiated conidia further induced markedly less IL-4 and no IL-13 compared with viable conidia; moreover, non-viable conidia induced substantially greater secretion of the pro-inflammatory cytokines IL-17A and tumor necrosis factor and the neutrophil chemokine KC ( Figure 2e ) . A. niger -specific IgG1 was detected in the sera of 85 % of viable conidia-challenged animals, but fungus-specific IgE was not found (data not shown). Thus, a vigorous type 2 lung immune response associated with robust allergic lung disease was observed following challenge with viable A. niger conidia. In contrast, sterilized conidia induced predominant type 1 and type 17 lung immunity that failed to elicit a complete allergic lung disease phenotype.
Conidia of A. niger produce an active, contained infection following airway challenge
The preceding studies indicated that active fungal infection, and not conidia hypersensitivity, was required for allergic lung disease. To confirm this, we first determined the persistence of A. niger in lungs based on the ability to re-isolate the organism at increasingly distant time points following a single intranasal challenge. After inhalation of 400 × 10 3 conidia once, maximal airway eosinophilia was observed on the second day following challenge, but eosinophils persisted in bronchoalveolar lavage fluid for 1 week ( Figure 4a ). Moreover, viable organisms were recovered from bronchoalveolar lavage fluid for up to 7 days, with log-linear clearance kinetics ( Figure 4b ). These findings were suggestive of the persistence and perhaps growth of A. niger in the airways.
We performed additional dose-titration experiments to determine the minimum number of conidia required to establish a complete asthma phenotype. For these experiments, to mimic the presumed exposure patterns of humans to ubiquitous environmental fungi, mice were challenged daily with A. niger conidia. Very low dose challenge with conidia (1 -2 × 10 3 conidia per dose) was sufficient to elicit some aspects of allergic lung disease, but a minimum dose of 50 × 10 3 conidia dose per day was required to elicit a complete allergic lung disease phenotype that included airway hyperresponsiveness ( Figure 5a -e ). Moreover, serum IgG1 reactivity to A. niger antigen was strongly dependent on the fungal infectious burden, with little or no reactivity seen with doses under 10 × 10 3 conidia per dose and 100 % reactivity was observed only at the relatively high dose of 200 × 10 3 conidia per dose ( Figure 5f ).
As with much larger numbers of conidia administered discontinuously ( Figure 2 ), lethal irradiation of A. niger conidia abolished the ability of daily exposure to 50 × 10 3 conidia to induce marked lung IL-4 responses and airway hyperreactivity, although again substantial airway eosinophil and glycoprotein responses were induced ( Supplementary Figure 3 online) . Thus, combined with histological confirmation of hyphal growth in the airways ( Figure 3c , e and f ), these observations confirm that conidia of A. niger produced an active airway infection that induced both allergic inflammation and airway obstruction even in the absence of demonstrable anti-fungal antibodies. Under these conditions we found no evidence of dissemination of A. niger to other organs (brain, liver, spleen; data not shown), hence infection was confined to the airway mucosal surface.
Fungal-dependent Th2 immunity against a bystander antigen enhances expression of allergic lung disease
Concomitant with fungal conidia, which heavily contaminate homes ( Table 1 ) , humans are likely to inhale other environmental agents including innocuous antigens similar to ovalbumin that normally elicit only tolerogenic T-regulatory responses. 15 We hypothesized that the allergic inflammation induced by low-level A. niger conidia exposure would be sufficient to abrogate T-regulatory responses and induce Th2-cell priming to this normally harmless antigen. To test this, groups of mice were challenged daily for 1 week with 5 -10 × 10 3 A. niger conidia alone to establish a Th2-cell-predominant allergic immune lung environment, albeit one insufficient to elicit obstructive disease ( Figure 5 ). Over the subsequent 2 weeks the mice were challenged simultaneously with conidia and ovalbumin.
Low-level exposure to viable conidia (5 -10 × 10 3 per day) alone produced no significant airway hyperresponsiveness and only a modest degree of allergic inflammation despite substantial 
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induction of airway glycoproteins and lung IL-4 secreting cells ( Figure 6a -d ) . However, the addition of ovalbumin to ongoing low-level conidia challenge resulted in strong induction of AHR and a complete asthma phenotype, equivalent to exposure to 400 × 10 3 conidia alone, without markedly affecting other inflammatory indices ( Figure 6a -d ). Serum IgG1 reactivity against A. niger was not observed with these relatively low fungal infectious burdens and at least 20 % of mice that received ovalbumin and low-grade fungal challenge had undetectable ovalbumin-specific IgG1 responses ( Figure 6e ).
To determine whether ovalbumin-specific Th2-cell responses were generated by the addition of ovalbumin to low-level conidia challenge, mediastinal lymph node-and spleen-derived lymphocytes were restimulated with whole ovalbumin and the major histocompatibility complex class II-restricted ovalbumin 323 − 339 peptide specific for mouse T-helper cells ( Figure 7 ). Mice that had received only conidia failed to respond to either whole ovalbumin or ovalbumin peptide; moreover, mice receiving only intranasal ovalbumin failed to respond to ovalbumin restimulation in vitro ( Figure 7 ). In contrast, in a dose-dependent manner, all mice receiving conidia and ovalbumin showed progressively more robust ovalbumin-specific IL-4 and IFNresponses in both lymph nodes and spleens. Peptide-stimulated cells confirmed that a predominant ovalbumin-specific Th2-cell response was generated under these conditions. Thus, lowgrade allergic lung inflammation induced by A. niger conidia 
also induced robust Th2-cell activation against a normally tolerogenic bystander antigen even when antibody responses to the same antigen were not detectable. Moreover, such reactivity was physiologically relevant as the bystander Th2 response to ovalbumin was essential for full disease expression.
Fungal proteinases are required for fungal infectiondependent allergic lung disease
The preceding studies showed that contained low-grade fungal airway infection can induce allergic lung disease in a manner similar to fungal proteinases alone. 14 To determine if allergenic fungi require secreted proteinases to induce allergic lung disease, we infected mice with wild-type A. niger (AB4.1) and two mutant A. niger strains deficient in either aspergillopepsin I (AB1.1) or multiple secreted proteinases (AB1.13), hyphae of the latter of which produce no detectable proteinase activity (data not shown), 28 and determined the allergic lung disease phenotype ( Figure 8 ). Airway hyperresponsiveness was only observed in mice infected with wild-type A. niger , although BAL fluid glycoprotein content was similar from all three mouse groups ( Figure 8a and b ) . Furthermore, both the degree of airway eosinophilia and recruitment to lung of IL-4-and IFN--secreting cells were strongly dependent on the amount of proteinase produced by the infecting fungal strain ( Figure 8c and d ) . Indeed, the ratio of IL-4 to IFN--secreting cells was profoundly affected by the degree to which infecting fungi produced proteinase ( Figure 8d ,  inset) . Clearance of fungal strain AB1.13 (no secreted proteinase) 
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from lungs was not different from the wild-type fungal strain, but clearance of strain AB1.1 (aspergillopepsin-deficient) was markedly impaired at 24 h ( Figure 8e ). Moreover, after 2 weeks of conidia challenge, similar fungal colony forming units (CFU) were recovered from lung homogenates of mice challenged with wild-type (AB4.1) and proteinase null (AB1.13) strains, but approximately 80 % greater CFU were recovered from mice challenged with strain AB1.1 (data not shown). These studies confirm that a complete asthma phenotype induced by fungal airway infection requires the secretion of proteinase by the fungus and rule out a requirement of the same proteinases for fungal growth in vivo . Secretion of aspergillopepsin was further required for optimal fungal clearance in vivo .
Multiple components of the allergic inflammatory response are required for fungal clearance
If asthma-like disease is a common response to airway infection with proteinase-producing fungi, we reasoned that rather than being maladaptive and aberrant as is widely assumed, 29 allergic lung disease might be protective against potentially lethal invasive fungal airway disease. To establish this, experiments were performed to assess the clearance of A. niger conidia from mice with pre-existing allergic lung disease and to determine the requirement of the key allergic effector moieties IL-5, eosinophils and IL-13, for fungal clearance ( Figure 9 ). Mice with pre-existing allergic lung disease cleared A. niger conidia significantly faster relative to naive animals ( Figure 9a ). More rapid fungal clearance in this setting cannot be attributed to specific immune recognition of the fungus as the allergic lung disease was induced by an A. oryzae proteinase. 14 Mice homozygous null for the IL-13 gene were impaired in their ability to clear A. niger infection ( Figure 9b ). Similarly, relative to control IgGtreated animals, wild-type mice administered a neutralizing anti-IL-5 antibody, which reduced airway eosinophilic responses to conidia challenge >95 % (data not shown), were markedly impaired in their ability to clear A. niger infection ( Figure 9c ).
The latter experiment suggested that eosinophils possessed anti-fungal properties. To prove this, eosinophil-enriched bronchoalveolar lavage fluid cells or highly purified bronchoalveolar lavage fluid eosinophils were incubated in vitro with viable A. niger conidia and the effect on fungal growth was determined ( Figure 9d -f ) . Unfractionated BAL fluid cells showed substantial anti-fungal activity that was dependent on the ratio of BAL fluid cells to conidia ( Figure 9d ). However, highly purified eosinophils (>99 % ) were much more potent in this regard ( Figure 9e ; ratio of eosinophils / conidia required for a 90 % suppressive effect 200:1 vs. 40:1, respectively; Figure 9d and e ). At an eosinophil / conidia ratio of 100:1, eosinophils were able to completely suppress all fungal growth ( Figure 9f ). Thus, multiple components of the allergic response to fungal airway infection contribute to the eradication of the infection and eosinophils specifically show potent anti-fungal activity.
DISCUSSION
The discovery of allergenic proteinases provided the first insight into the molecular processes by which specific organisms elicit predominant Th2 responses and allergic lung inflammation linked to diseases such as asthma. Because fungi are strongly linked to asthma, ubiquitous in human environments and powerful producers of allergenic proteinases, they are compelling 
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candidate initiators of asthma through their secreted proteinases. However, the precise relationship between fungi, proteinases, and asthma remains undefined. To clarify this, we initiated a detailed analysis of household dust to determine the existence and identity of active proteinases in relevant human environments. We have shown that common household fungi are a major source of active proteinases present in dust and that other known proteinases such as Der p 1 exist in enzymatically inactive form. Moreover, we showed that A. niger is very common, if not ubiquitous, in household dust and produced the most commonly observed proteinase. A. niger conidia readily infected the airways of C57BL / 6 mice and elicited robust allergic inflammation and a disease syndrome strongly resembling allergic asthma often in the absence of detectable fungus-specific antibodies. Furthermore, we showed that far fewer conidia were required to induce allergic lung disease if a normally tolerogenic bystander antigen was administered concomitantly to the airways. Fungal-induced allergic lung dis- 
ease required fungi capable of secreting proteinases and both IL-13 and eosinophils elicited during allergic lung disease were required for optimal eradication of fungal airway infection. These findings suggest that the relationship of fungi to asthma is based not simply on hypersensitivity to fungal products, but rather on active airway infection because of proteinase-producing household fungi and that asthma may be a protective response against fungal infection.
Because of the large number of allergenic organisms potentially present in household environments, we expected to detect by zymography, but not identify, many proteinases because of the lack of specific reagents. A major exception to this is Der p 1 , which has been well characterized and for which specific detecting reagents are available. It was surprising, therefore, to find no Der p 1 proteinase activity despite detection of the protein in our dust samples ( Table 1 ). This suggests that the catalytic 
activity of Der p 1 was unable to survive even in the relatively controlled environments of our study homes. Proteinase activity is required for full allergenicity, at least for fungal proteinases, 14 therefore Der p 1 and other inactive household proteinases are less likely to participate as adjuvant-like initiators of allergic disease, although they could serve as bystander antigens that exacerbate allergic lung inflammation much like ovalbumin as used in our infectious model. This interpretation is consistent with previous epidemiological observations indicating that Der p 1 may act as a secondary, but not primary cause of asthma. 30 Thus, rather than Der p 1 , our findings indicate that active fungal proteinases produced during airway fungal infection may be the principal disease-initiating factor for many patients.
The most commonly isolated proteinase from our dust samples was approximately 86 kDa in size, which we repeatedly linked to A. niger . Although our detecting method is not definitive, it is likely that this dust proteinase is aspergillopepsin I (aspergillopeptidase A; extracellular acid protease; proteinase B), which has been variously reported to exist as ~ 22 and ~ 43 kDa proteins. 28, 31, 32 Microbial proteinases are known to multimerize in solution and it is likely that our ~ 86 kDa product represents a tetramer of aspergillopepsin I 33 ( Figure 1 ; and P Kolattukudy, personal communication). Aspergillopepsins are secreted by many aspergillus species and we have used the highly allergenic A. oryzae aspergillopepsin for many years to generate allergic lung disease in mice. 14, 32 Both irradiated A. niger conidia and proteinase-deficient A. niger mutant conidia produced similar incomplete phenotypes in which mice failed to develop airway hyperreactivity, showed less airway eosinophilia and did not manifest the highly polarized Th2 response (lung IL-4 / IFN-ratio >40:1) that are all characteristic of the complete disease phenotype seen after infection with wild-type fungi ( Figures 2 and 8 ) . Irradiated conidia are similar to proteinase-mutant A. niger as they represent an abundant source of proteinase-deficient chitin that has been shown to elicit innate IL-4 responses from mice. 34 However, although irradiated conidia failed to germinate, conidia from proteinase-mutant A. niger strains showed robust growth, exceeding even that of the corresponding wild-type fungus ( Figure 8 ). Therefore, proteinases were required for a complete disease phenotype induced by either conidia or mature organisms, but were not required for fungal growth either in vitro or in vivo . Together, these findings confirm that fungal proteinases are crucial virulence factors for allergic lung disease induced by fungal airway infection. The relatively low IL-4 / elevated IFNlung response induced by irradiated conidia and proteinasedeficient A. niger is a cytokine profile more consistent with the distinct lung syndrome of hypersensitivity pneumonitis and not asthma. 35 Therefore, a potentially critical factor that distinguishes these distinct antigen-driven lung syndromes may be the degree of associated proteinase exposure or concomitant infection with fungi.
Although asthma is viewed as an aberrant immune reaction, our studies indicate that this perception is incorrect. Rather, asthma-like reactions most likely evolved to provide protection against host invasion by filamentous fungi ( Figure 9 ). This establishes a duality for allergic lung inflammation, which may now be viewed as both harmful and potentially beneficial. This concept is perhaps most strikingly exemplified by the Th2 cytokine IL-13, which directly mediates airway obstruction during allergic lung disease, 9 and yet as shown here provides substantial protection by enhancing fungal clearance ( Figure 9 ). Numerous genetic polymorphisms have been linked to allergic asthma, all of which have been interpreted in the context of the harmful consequences of asthma. Our findings mandate that genetic studies of asthma be broadened to consider the potential beneficial effect of target genes on the airway response to environmental proteinases and fungi.
The precise relationship of atopy, the predilection to developing hypersensitivity reactions to environmental antigens, and asthma is not fully understood, but atopy is thought to be a primary, genetically controlled immune state that may lead to secondary disorders such as asthma. 36, 37 Atopy is typically assessed by antibody-dependent reactions to specific allergens. However, our data show that mice often failed to generate detectable antibody responses to both fungi and bystander allergens such as ovalbumin ( Figures 5 and 6 ), whereas T-cell responses to bystander antigens were fully preserved ( Figure  7 ). This is consistent with our previous observations that allergic lung disease induced by fungal allergens is dependent on Th2 cells and not antibodies. 38 Moreover, these findings indicate that antibody-based methods for detecting low-grade airway fungal infections and significant responses to bystander antigens (that is, atopy) lack sensitivity, at least in mice. This suggests that, using standard criteria, symptomatic human respiratory illnesses such as allergic sinusitis and asthma may be immunologically silent even if caused by an underlying fungal infection. 39, 40 Clearly, a challenge of future studies designed to test novel associations between common fungi and human allergic illnesses will be to develop more sensitive diagnostic approaches.
Our study further suggests that atopy is not necessarily a primary disturbance, but may be a secondary response to low-grade airway fungal infection. Because of the ubiquitous nature of fungi, with a striking preponderance of Aspergillus and Penicillium spp. in human environments, 41, 42 airway fungal infections are probably inescapable for humans and most other mammals. However, atopy to fungi is not common, either in the general population or in asthma subjects specifically. Nonetheless, subjects who show atopy to both fungi and other antigens have an increased incidence of respiratory tract allergic disease (48 % ). 43 The hierarchical relationship between ubiquitous environmental fungi, fungal atopy, and symptomatic allergic disease precisely parallels our observations with A. niger -infected mice, further suggesting that such associations in human subjects are based on actual infection with proteinase-producing fungi and not merely hypersensitivity to fungal products. Because this represents a profoundly different concept of allergic disease pathogenesis, our studies further warrant definitive studies that dissect the multiple possible associations between environmental fungi and human diseases such as asthma.
METHODS
Mice . C57BL / 6J mice were purchased from Jackson Laboratories, Bar Harbor, ME. IL-13 null ( -/ -) mice were obtained from DNAX Research Institute, bred eight generations onto the C57BL / 6 background and matched to wild-type littermate control animals. All mice were bred and housed at the American Association for Accreditation of Laboratory Animal Care-accredited vivarium at Baylor College of Medicine under specific pathogen-free conditions. All experimental protocols were approved by the Institutional Animal Care and Use Committee of Baylor College of Medicine and followed federal guidelines. Human studies were conducted according to Institutional Review Board protocols established at Baylor College of Medicine and the University of Texas Health Science Center at Houston and followed all federal guidelines.
House dust collection, aqueous extraction and analysis . Household dust was collected by a technician from asthmatic children ' s homes as part of the National Urban Air Toxics Research Center-funded study EPA R828678-01 / CDFA 66.500. 44 A total of five separate dust samples were collected from each house including the floor under subjects ' beds. A dust sleeve was placed into the hose of a standard portable vacuum cleaner to collect samples. Vacuuming was performed for 4 min and confined to a 4 ft 2 area defined by an open template placed in appropriate locations. Dust sleeves were then sealed in plastic bags, packed on ice and stored at − 20 ° C within 24 h to preserve proteolytic and biological activity. A maximum of 84 dust samples obtained from 31 homes were available for this study from which the following determinations were made: Der p 1 concentration, conidia count, endotoxin analysis, total proteinase activity, and zymogram. Approximately 0.5 -2 g of dust were wetted with ~ 3 ml g -1 phosphate-buffered saline (PBS). The suspension was passed though a 45 m mesh (BD Falcon; Bedford, MA) to remove large debris. Samples were centrifuged at 10,000 × g for 5 min and the supernatant was removed and stored at − 80 ° C From these aqueous samples, total proteolytic activity was determined by EnzChek (Invitrogen / Molecular Probes; Carlsbad, CA) as described. 14 Total conidia counts, total endotoxin, and Der p 1 concentrations were determined by the Johns Hopkins University Dermatology, Allergy and Clinical Immunology (DACI) Reference Laboratory ( http://www.hopkinsmedicine.org/allergy/daci/ index.html ). Limiting dust quantities precluded making all determinations for all samples ( Table 1 ). Proteinase activity of purified Der p1 (Indoor Biotechnologies, Charlottesville, VA) and aqueous house dust extracts was retrieved by incubating in phosphate-buffered saline (PBS; pH 7.5) containing 1 m M EDTA and 1 m M DTT for a minimun of 1 h at 37 ° C. Zymography was then performed using 10 % SDS-polyacrylamide gel Electrophoresis (SDS-PAGE) as described (Kheradmand, 2002 no. 4576 ).
Fungi and fungal isolation . The insoluble dust material remaining following PBS extraction was resuspended in ~ 2 ml PBS per gram dust. 2, 10, and 100 l aliquots were plated on Sabouraud ' s media (Becton Dickinson, Sparks, MD) supplemented with 50 g ml -1 ampicillin and incubated at 37 ° C for up to 5 days. A. niger and other species were identified according to typical appearance in culture and by microscopic characteristics with results confirmed by Microcheck (Northfield, VT).
Mature, heavily sporulated fungal isolate plate cultures were washed repeatedly with PBS 1 % Tween 80 after which conidia suspensions were passed through 45 m nylon mesh to remove hyphae. Suspensions were washed twice with PBS by centrifugation (10,000 × g , 5 min, 4 ° C) and the pellets were resuspended in PBS. Conidia concentration was determined using a hemacytometer and adjusted to 8.0 × 10 7 conidia per ml and aliquots were stored in liquid nitrogen to preserve conidia viability. Conidia viability after freezing was confirmed by determining colony forming ability (CFA) by plating serial dilutions on Sabouraud ' s media. In vivo experiments were performed with conidia from a single A. niger isolate obtained from house dust (available from authors). Proteinase-mutant A. niger strains (AB1.1 and AB1.13) and the parental wild-type strain (AB4.1) were obtained from TNO (Delft, The Netherlands; http://www. TNO.nl ) and grown as directed. AB1.1 contains a site directed deletion of aspergillopepsin I and AB1.13 is a UV light-induced mutant with no measurable secreted proteinase activity. 28 Irradiation of fungal conidia . Conidia collected from plates as above were centrifuged (10,000 × g for 5 min, 4 ° C) and PBS supernatant was aspirated. The pellet was exposed to 3 Gy of -radiation (0.5 Gy per hour) on ice. Conidia were resuspended in PBS at 8 × 10 7 conidia per ml. Irradiated conidia contained < 1 viable conidium per 10 7 ; non-irradiated preparations contained ~ 35 viable conidia per 10 2 .
Antigens and intranasal challenge . Chicken egg ovalbumin (OVA; Sigma Chemical, St Louis, MO) was reconstituted in sterile PBS at 500 g ml -1 and passed serially through polymyxin B columns until endotoxin content was < 0.01 EU g -1 and stored at − 80 ° C. The A. oryzae aspergillopepsin was combined with ovalbumin and administered to mice to elicit allergic lung disease as previously described. 14 For A. nigerderived antigen, Sabourad ' s broth supplemented with 50 g ml -1 ampicillin was inoculated with 4 × 10 6 conidia per 100 ml and cultures kept in a shaking incubator for 48 h at 37 ° C to prevent conidia production. Hyphae were collected, washed twice with PBS, placed on ice and ground in a PM100 planetary ball mill (Retsch; Newtown, PA) using 2 mm balls. The resulting colloid was centrifuged at 10,000 × g for 30 min at 4 ° C to remove particulate material, the supernatant protein concentration was determined by BCA method (Thermo Fisher Scientific, Rockford, IL) and aliquots were stored at − 20 ° C. For intranasal challenge, aliquots of conidia were diluted in PBS to achieve the indicated number of conidia per 50 l volume. Mice were deeply anesthetized with isoflurane and droplets containing PBS, conidia in PBS or ovalbumin were applied to the nares until a total of 50 l was inhaled. Similar studies using this protocol with Streptococcus pneumoniae indicated that 87 -95 % of the colony forming units administered to the nares were immediately recoverable from the lungs (D Corry, J Prince, data not shown).
Quantitation of allergic lung disease . Bronchial responsiveness to acetylcholine (Ach) intravenous challenge, BAL fluid collection, quantitation of airway inflammatory cells, and secreted glycoproteins, analysis of total lung IL-4 and IFN--secreting cells, and lung histopathology were carried out as previously described. 14, 38, 45 Quantitation of cytokines from BAL fluid was performed by bead-assisted analysis (MILLIPLEX MAP Kit Mouse Cytokine / Chemokine Immunoassay; Millipore, Billerica, MA, USA) using a Bioplex analyzer (BioRad, Hercules, CA) according to the manufacturers ' protocols.
Western blotting . Standard SDS-PAGE was performed using 100 g of fungal antigen or 5 g of chicken egg OVA. After transfer to nylon membranes, even protein transfer was confirmed using Ponceau red (Sigma). While stained, membranes were cut into separate strips in order to test individual serum samples. Strips were blocked 1 h in TBST (10 m M TrisHCl pH 7.4, 150 m M NaCl, 0.1 % Tween 20) containing 5 % (w / v) non-fat dehydrated milk (Carnation non-fat dry milk (Nestl é , Solon, OH)). Strips were incubated 1 h at room temperature with a 1:200 dilution of mouse serum in TBST with 5 % milk. The membrane strips were washed with TBST and incubated at room temperature with a 1:10,000 dilution of rat anti-mouse IgG 1 or IgE antibody conjugated to HRP (BD Pharmingen, San Jose, CA) in TBST with 5 % milk. Strips were washed in TBST repeatedly and signal was detected using enhanced chemiluminescence substrate (Pierce, Rockford, IL).
Conidia clearance assay . Mice received a single intranasal challenge with 400 × 10 3 A. niger conidia after which BAL fluid and lungs were collected at 30 min, 1, 2, 3, 5, 7 and 14 days after challenge. Single-cell suspensions of lungs were prepared by pressing through 45 m mesh and aliquots of BAL fluid and lung-cell suspensions were plated on Sabourad ' s ampicillin plates and placed at 37 ° C CFU were enumerated 24 h after
